Introduction
The data presently available on the nuclear quadrupole interaction (NQI) in the heavy rare earth (HRE) metals Gd ( 4 f 7) to Lu(4f1 4 ) suggest that although the 4 f electrons are well shielded and localized deeply inside the RE ion cores, they influence the electric field gradient (EFG ) seen by an impurity on a substitutional host site to a con siderable extent. Evidence for such an influence comes from the variation of the ratio cc = Vzz/ (1 ~ Vcc) Vlf between the total EFG Vzz and its ionic part (1 -yx ) Vlf [1, 2] and also o f the temperature dependence of the EFG [3] with the number of 4 f electrons.
It is interest to extend these im purity NQI studies to the light rare earth (LRE) metals, which reach from L a(4f°) to E u (4 f7). The different lattice structures of the LRE (fee, dhcp, rhombohedral) and the HRE (hep) and the variation of the melting points [4, 5] of these elements suggest that because of the larger radial extension of the 4 f wavefunctions a hybridization of the 4 f electrons with the 5d6s valence and conduction electrons occurs in the LRE, which is thought to be strong in the beginning and vanishing at the end of the LRE series. NQI measurements in hosts with different 4f-adm ixtures to the conduction band may help to understand the mechanism by which the 4 f elec trons affect the EFG at impurity sites. Suitable LRE hosts are La, Ce, Pr, Nd which at room tem perature have a dhcp structure in contrast to the simple hep lattice of the HRE, and Sm with a rhom bohedral structure. Eu is cubic and Pm exists only in radio active form.
In this paper we report a study of the NQI of dilute 11'C d im purities in La, Pr and Nd, which was carried out with the time differential perturbed angular correlation (TDPAC) technique, using the 173-247 keV cascade of m Cd, populated in the decay of 11'In. In Pr the NQI was determined as a function of tem perature and pressure, in Nd as a function of tem perature and in La only one m easurement at 19 K was carried out up to now. In a previous study the room tem perature values of the NQI of n ,Cd in Pr and Nd had been determ ined [6] ,
Experimental Details
For the source preparation carrierfree 11'In radio activity was solute extracted with diethylether from a commercially available hydroacid solution and dropped onto carefully cleaned pieces of the host 0340-4811 / 86 / 0100-0099 $ 01.30/0. -Please order a reprint rather than making your own copy. metals (purity 99.9%) which were then electro-gun melted in a vacuum of 5-10~6 Torr on a water cooled copper block. The 11'In concentration of the samples was of the order of 1 ppm. In the case o f Pr and Nd measurements were carried out with un annealed samples and in samples which had been annealed at 900 K and 5-10_6Torr for 24 hours, but differences in the corresponding TDPAC spectra were not observed. The La sample was not annealed because oxidation of this highly reactive metal could not be excluded with the available vacuum. The measurements were performed with the 4-detector set-up described in [7] , Hydrostatic pres sures up to 7 kbar were produced in an oil cell. Figure 1 shows the TDPAC spectra ^2^22(0 of 11'Cd in Pr at 3 different temperatures. Very sim ilar spectra were observed in Nd. The tem perature dependence of the NQI is obviously very strong: At tem peratures above 500 K the first maximum of the spin rotation pattern, which at 25 K appears at about 380 nsec, is shifted out of the available time window which in the case of 11'Cd is 700-800 nsec. This is not the result of any irreversible change of the source: The initial low tem perature spectra are fully recovered when the source is cooled down again. The spectrum of " 'C d in La is shown in Figure 2 .
In all spectra we observe an attenuation of the first maximum of the spin rotation curve. In La only a slight recovery of the anisotropy is found, in Pr and Nd the attenuation is less pronounced. It indicates that not all the nuclear probes experience a unique EFG. The best fits to the spectra were obtained with a 2-fraction model: A fraction / of nuclear probes occupies regular substitutional sites (I) where they experience a unique EFG, while the rest (1 -/ ) on non-regular sites (II) (grain boundaries, imperfections, nearby im pu rities,...) is subject to a distribution of interactions. This leads to the expression A2G22(t) =^2( / ' G22W + (1 ~f ) G&(0)-The theoretical perturbation factor G22(f) for pure quadrupole interactions in polycrystalline samples depends on the quadrupole frequency vQ = e QVzz/h and for nuclear spins / > 3/2 also on the asymmetry param eter of the EFG rj= ( Vxx-Vyy)/V zz [8] . For impurities on regular sites (I) axial symmetry was assumed because of the symmetry of the dhcp lattice of the hosts. In G22(f) which refers to the irregular site (II) a Gaussian distribution of inter action frequencies was admitted. The analysis of the data in terms of this model gave the following results:
(i) Pr, Nd: 65(5)% of the impurities are on regular axially symmetric sites. This fraction does not change with temperature. The center frequency vq(II) of the frequency distribution on site II is roughly a factor of 2 smaller than the regular site frequency and has approximately the same tem per ature dependence. Because of the small value of vq(II) the spectra are not sensitive to the width of the frequency distribution. The regular site fre quencies at 290 K are: vQ(C dPr) = 13.00(10) MHz, vq(C d Nd) = 12.92(20) MHz. The errors quoted do not contain the uncertainty of the time calibration. These values are in fair agreement with the result of Mishra et al. [6] .
The effect of hydrostatic pressure on the fre quency in Pr is small. At 7 kbar and 290 K one has vQ(C dP r; 7 kbar) = 13.25(11) MHz. This corresponds to a tem perature coefficient of (d In VQ/dP)290K = + 2.7(2. We have determ ined the lattice EFG for both sites by a point charge lattice sum calculation. With c and a from [10] and Z = + 3 for the ion charge, one obtains at 290 K: V}f (Pr; A) = 0.88, Vzf (Pr; B, C) = 0.81, Vzf (Nd; A) = 0.83, Vzf (Nd; B, C) = 0.76 (all values in units of 1015V /cm 2). Out result for La agrees with that of [11] . In all cases the difference of Vzf on the 2 sites is less than 10%. From our present knowledge on im purity E FG 's in metals it is justified to assume that the total EFG of an impurity on 2 different sites of the same host scales with the lattice EFG. It is therefore highly im probable that the second ("irregular") site needed to fit our spectra in reality is one of the substitutional LRE sites. From the spectra measured here 2 equally populated sites with a 10% difference in the NQI cannot be dis tinguished from a single site. We therefore consider the measured values of the EFG as the average of both sites. U nder this assumption the electronic enhancement factors are a = Vzz/( 1 -yx ) Vzzx = 2.56(6) and 2.68(6) for Pr and Nd, respectively. These values are by a factor of 2 smaller than those predicted by the charge transfer model proposed in [2] to describe the variation of a across the series of the HRE. Some implications of this result have been discussed by M ishra et al. [6] .
Both in Pr and Nd the quadrupole frequency vQ decreases by about a factor of 3 between 25 K and 900 K. This unusually strong tem perature depen dence follows neither the r 3/2-relation of most spmetals [12] nor the linear relation observed in the HRE [2, 3] : At low tem peratures between 25 K and 300 K the decrease is stronger than linear and more pronounced in Pr than in Nd. Above 300 K vQ is a linear function of tem perature with the same slope in both hosts: (d In V Q /dr)29ok. = ~ 8.4(2)-10-4 K-1.
The relative tem perature dependence of Vzf in Fig. 3 , which is the average lattice EFG of the A and the B, C sites calculated with c and a from [10] and normalized to vQ at 290 K, shows that only a small part of the decrease of vQ is due to the thermal lattice expansion.
The coefficient (d In vQ/ d r ) 290K of the linear part o f v q v s . T of Pr and N d is compared in Fig. 4 to the corresponding values for 11'C d in Sm [13] , Tb [14] , Ho [15] , and Y [16] . In all these cases one has a linear tem perature dependence of the NQI. For 11'Cd in Lu vq(T) has still to be measured. There fore Y has been inserted in Fig. 4 , since it has a comparable valence electron configuration. It is a very interesting observation that the tem perature coeffi cient decreases linearly with the RE atomic number by as much as a factor of 3 between Pr and Y. Only part of this decrease can be attributed to changes of the lattice vibrations across the RE series. In spmetals the relative decrease of vq is proportional to (A/6>d)-1, which is a measure of the mean square vibration am plitude of the host atoms [12] . In the TCK] RE (A/(9d)~' (see dotted line in Fig. 4 ) decreases by less than a factor of 2 between Pr and Lu.
Another rem arkable aspect is that the pressure coefficient (d In VQ/dP)290K apparently shows a behaviour just opposite to that of the tem perature coefficient: In Pr the pressure coefficient is a factor of 3 -4 smaller than in the HRE [17] .
These tem perature and pressure trends may reflect changes in the 4f-electron contribution to the EFG across the RE series. Since the f-sd interaction decreases with increasing num ber of 4 f electrons, the 4f-contribution to the EFG should be most important at the beginning of the LRE series. It is conceivable that the 4 f contribution would be rather insensitive to pressure, but due to crystal field effects [3] would react sensitively to changes in temperature. In the LRE then the total EFG would have a larger tem perature dependence and a weaker pressure dependence than in the HRE. This picture, however, is difficult to reconcile with the observed reduction of the electronic enhancement factor a in the LRE.
For more insight in the importance of the 4 f electrons for the impurity EFG in RE hosts, a measurement of the pressure and tem perature dependence of the NQI of 11'Cd in La, which has an empty 4 f shell, would be very helpful. Precise measurements of this kind, however, are difficultif not impossible -with only 20% of the impurities on regular host sites. We are therefore presently trying to improve the regular site fraction of 11'Cd in La by other source preparation techniques, such as e.g. ion implantation.
